~" The authors report their findings by electron microscopy after microsurgical subpial spinal cord transection in dogs. After cord transection, conspicuous myelin microcysts are formed in a background of otherwise intact cord tissue at a distance of 1 to 2 mm from the cut end of the cord, both proximal and distal to the transection. Seen through the electron microscope, the microcyst is a myelin sac distended by fluid under pressure, containing a swollen axon filled with excessive axoplasmic organelles; that is, a terminal club. Later the microcysts and terminal clubs rupture. The large spaces within the microcysts are opened to heretofore small extracellular spaces and the spinal cord tissues are destroyed. Thus, microcysts are precursors of large cavities seen at the ends of transected cord stumps. The formation of microcysts and their subsequent rupture, which leads to cord cavitation, is interpreted as an inherent response of cord tissue to injury, and the result of an abortive attempt at cord regeneration. KEY WORDS 9 spinal cord injury 9 spinal cord cavitation spinal cord regeneration 9 axoplasmic flow 9 lysosomes
I
N 1974, one of us (CCK) reported 9 that in microsurgically transected, and thus non-contused, non-hemorrhagic spinal cord stumps, cavitation began as numerous microcysts located 1 or 2 ram, or sometimes farther, from the sharp cut ends of the stumps both above and below the transection. As the microcysts expanded, ruptured, and coalesced, the cord tissue, about 1 or 2 mm in length, bordering the cut ends of the stumps, was separated from the stumps, lysed, and completely replaced by cavities.
Further investigation on this mechanism of cord cavitation revealed that each one of the microcysts was associated with a terminal club containing many lysosomes and other axoplasmic organdies? Later, the microcysts and terminal clubs ruptured and lysosomes were released into the extracellular space. The activation of lysosomal enzymes was reported to be the cause of autolysis of cord tissue adjacent to the cut ends, and subsequent cord cavitation. 7 In our previous studies 6a,9 many aspects of this cord cavitation have remained unanswered. It was not known how the microcysts were formed and why they developed at 1 or 2 mm from, but not at, the cut ends of the cord stumps. This paper describes observations seen with the electron microscope of the microsurgically transected spinal cord stumps in an attempt to clarify the mechanism of cord cavitation at the ultrastructural level.
Materials and Methods
Twelve adult female dogs each weighing from 10 to 20 kg, were used. A microsurgical subpial spinal cord transection, previously described in detail, 6 was performed at the T-10 cord level under sodium pentobarbital anesthesia and sterile surgical technique on 10 animals. A Zeiss dissecting microscope and right-angled dull-pointed microdissecting scissors were used. A 5-mm gap of the spinal cord witnin the intact pia-arachnoid tubing was produced by removing a small segment of the spinal cord. The dogs were then sacrificed, one each at 5 and 15 minutes, 1, 2, and 3 hours, 1 and 7 days, 2 weeks, 3 months, and 1 year, after cord transection and the spinal cords were obtained.
Five dogs, from which the spinal cords were obtained within 3 hours after transection, were sacrificed by intravenous sodium pentobarbital while still on the operating table with the wound open. The spinal cord was immediately immersed in situ in 2.5% glutaraldehyde in 0.1 M phosphate buffer for 4 minutes. The whole segment of cord from 3 cm above to 3 cm below the transection was removed in toto, and transferred to a container filled with buffered 2.5% glutaraldehyde. A longitudinal myelotomy was made with the spinal cord bathed in the fixative. Small pieces of cord tissue, measuring about 1 X 0.5 X 0.3 mm were then obtained from both above and below the site of transection at 1, 2, and 3 mm from the cut ends of the stumps.
In the five dogs that were allowed to live for more than 1 day after cord transection, the dura was closed water tight with a continuous suture of 6-0 black silk and the wound closed in layers. Daily doses of penicillin (300,000 units) were given and the urinary bladder was catheterized for a short time. At the time scheduled for examination, the dogs were again anesthetized and the femoral artery and vein were catheterized. Fixation of the spinal cord was accomplished by retrograde perfusions of 2.5% buffered glutaraldehyde through the catheter in the abdominal aorta after exsanguination and flushing with normal saline at physiological pressure. The laminectomy wound was then reopened and the spinal cord was immersed in 2.5% buffered glutaraldehyde in situ. The whole segment of cord from 3 cm above to 3 cm below the transection was removed in toto, and further processed as described above. In the 1-and 7-day-old cord stumps, the tissue bordering on the cut ends of the stumps had become separated from the stumps and new ends of the cord stumps had formed# In these specimens, the separated tissues were obtained and the tissues at 1, 2, and 3 mm from the new ends of the cord stumps were also obtained. In the spinal cord obtained 2 weeks, 3 months, and 1 year after transection, the tissue bordering on the cut ends of the cord stumps had been replaced by cavities. In these specimens, the tissues, at 1, 2, and 3 mm from the new ends of the cord stumps were obtained.
All specimens were left in fixative at 4 ~ C for 2 hours. The tissue samples were then postfixed with buffered 1% osmium tetroxide for I 1/2 hours, dehydrated in graded ethanol, and embedded in Epon. Thick and thin sections were cut with an LKB III ultramicrotome.* The thick sections were stained with toluidine blue. The thin sections were stained with lead citrate and were examined with an RCA EMU-3G electron microscope.t
Two control animals were subjected to laminectomy without cord transection. One dog was sacrificed at 1 hour after laminectomy and the exposed spinal cord was immersed with buffered 2.5% glutaraldehyde. The other dog was killed at 1 week after laminectomy and the spinal cord was obtained after perfusion and immersion in buffered 2.5% glutaraldehyde as in the experimental group.
Results

Control Group
The technique of tissue fixation either by immersion alone or by perfusion plus immersion adequately preserved the 3-mm tissue *LKB ultrotome III automatic ultramicrotome manufactured by LKB Instruments Inc., 12221 Park Lawn Drive, Rockville, Maryland 20852.
tRCA EMU-3G electron microscope manufactured by RCA, Camden, New Jersey 08101. sections examined. The morphology of our control tissues was comparable in quality to the studies of normal cord tissue published by others. 13 Artifacts such as swelling of mitochondria and widening of the periaxonal space between axolemma and myelin sheaths were occasionally noted. In no specimen was the axon disrupted.
Experimental Group
Electron microscopic observations in the experimental group revealed that cord cavitation was caused by a series of changes occurring in most of the large and medium-sized transected fibers. In the affected fibers, the process consisted of three stages: 1) outflow of axoplasm from cut ends of fibers, and blockage of axoplasmic flow by one of several mechanisms previously reported; s 2) formation of terminal clubs and microcysts; and 3) rupture of terminal clubs and microcysts resulting in cavitation of the cord.
Outflow o f Axoplasm from Cut Ends of Fibers. Almost immediately after the cord transection, outflow of axoplasm from both the proximal and the distal cut ends of myelinated large and medium fibers occurs and continues for a few hours. The escaping axoplasm, similar in composition to normal axoplasm, was not bounded by axolemma (Fig. 1) . The extent of axoplasmic loss varied considerably from one fiber to the other and, as a rule, greater loss was seen in larger fibers. The small fibers, myelinated or unmyelinated, showed practically no escape of axoplasm.
As the result of axoplasmic flow from the cut ends of fibers, gaps in the axoplasmic column occurred within fairly intact myelin cylinders (to create segments of "axoplasmfree myelin cylinders") at varying intervals for a distance of 1 or 2 mm from the cut ends of fibers (Fig. 2) . In well oriented longitudinal sections, these axoplasm-free myelin cylinders were identified as lengthy structures in a background of otherwise surprisingly intact cord tissue. In the affected fibers, as early as 1 hour after the cord transection, the ends of the axons were no longer located at the point of transection but 1 to 2 mm or more from the point of transection, both above and below the transection. The end of axon was clearly bounded by an intact plasma membrane and, frequently, layers of myelin lamellae (Fig. 3) . Specimens obtained at 2 hours after the cord transection showed the end of the axon was not swollen and the axoplasmic content had not drastically changed.
T h r o u g h o u t the entire length of the axoplasm-free myelin cylinder, not a single fragment of axon was seen except in the portion of myelin cylinder nearest the cut end where a few fragments of axon were found. These fragments of axon were of various sizes and shapes and were bounded by more than one layer of membrane including layers of myelin sheaths as described below (Fig. 4) .
FIG. 2.
Longitudinal section 2 mm from the cut end of the cord, showing an axoplasm-free myelin cylinder 3 hours after cord transection. There are many myelin lamellae within the myelin cylinder. Some of the myelin lamellae can be traced to the myelin cylinder (arrows). X 9000. Fxc. 4. An axoplasmic fragment (Ax) within a dilated myelin cylinder 1 mm from the cut end of cord, 2 hours after cord transection. The axoplasmic fragment (Ax) is bounded by myelin lamellae that can be traced to the innermost lamellae of the myelin cylinder (arrows). The space (Sp) is therefore formed between the myelin sheaths and is not a periaxonat space. Note that the interstitial extracellular space is still normal.
• 15,000. Inset: The splitting of myelin at the less dense lamellae (arrow).
• 27,500.
These axoplasmic fragments may appear normal or condensed with densely packed neurofilaments, and the presence of vacuoles, especially at the periphery of the fragments. A large space was present between the myelin cylinder and the axoplasmic fragments.
Many separated myelin lamellae were seen in the space between the myelin cylinder and axoplasmic fragments (Figs. 2, 3 , and 4). The myelin iamellae could be traced from the innermost sheaths of the myelin cylinder to encircle the axoplasmic fragments (Fig. 4) . Thus, the space seen between the myelin cylinder and the axoplasmic fragments, and the space within the axoplasm-free myelin cylinder, were actually formed between layers of the myelin sheaths and were not the periaxonal space between the axolemma and the myelin sheaths.
With higher magnification, one can demonstrate that the splitting of myelin occurred through the less dense lamellae (Fig.  4) . Many myelin lamellae seen in the lumen of the axoplasm-free myelin cylinders were so formed, and if too many myelin lamellae were split at once, a myelin septum was formed (Fig. 3 ).
There were usually one or two nodes of Ranvier between the end of the axon and the point of transection. Many profound changes occurred in these nodes as the axoplasm escaped. 8 The most frequent type of nodal change occurring in sections that also showed microcyst formation was the presence of a fragment of axon caught at the decremental zone of the paranode between the cytoplasmic pockets of oligodendrocytes. We shall call such fragments of axon "paranodal axoplasmic plugs." These paranodal axoplasmic plugs (Fig. 5 ) appeared condensed and contained densely packed neurofilaments in a manner similar to the fragments of axon found near the cut ends of fibers.
A paranodal axoplasmic plug thus divided the myelin cylinder into two parts. The portion of axoplasm-free myelin cylinder extending from the end of the axon to the nearest node of Ranvier became, due to the paranodal axoplasmic plug, a cul-de-sac structure around the end of the axon. Later, this cul-de-sac structure developed into a microcyst then containing a terminal club developed from the end of the axon (Fig. 13) . Whereas, the portion of the myelin cylinder between the paranode and the point of transection, blocked by the axoplasmic plug, appeared to be isolated from subsequent changes to take place at the end of the axon and showed no microcyst formation.
Formation of Microcysts. Approximately 3
hours after cord transection, axoplasmic organelles began to accumulate at the ends of axons located at a distance of 1 to 2 m m from the cut ends of the cord. The end of the axon then began to swell and form the terminal club (Fig. 6) . A terminal club is defined as a portion of swollen axon in which numerous axoplasmic organelles have accumulated. The mechanism by which these terminal clubs are formed has been reported previously. 8 The space between the terminal club and the myelin sheath became distended by fluid to such an extent that it could be called a "microcyst" (Fig. 7) . Enlargement of microcysts occurred at the expense of surrounding cord tissue (Fig. 7) .
One end of a microcyst was, as a rule, at a paranodal axoplasmic plug (Fig. 5) . The relatively weaker barriers, such as myelin lamellae (Figs. 2 and 6) or myelin septa (Fig.  3 ) were ruptured and removed as the terminal clubs expanded. As a result, each microcyst represents distension of a single internodal myelin sheath. The tenacity exhibited by the cytoplasmic pockets of the oligodendrocytes appeared sufficiently strong to hold the paranodal axoplasmic fragment in place. Even though myelin sheaths were stretched and attenuated, a x o p l a s m i c f r a g m e n t s remained in place (Fig. 5 ). Microcysts were limited by the node, and since the nodes were randomly distributed, microcysts were found randomly 1 or 2 mm, or farther from the cut ends of the cord. The portion of myelin cylinder nearest the cut end of the cord, separated from the microcyst by the obstructed node of Ranvier, remained unchanged.
Rupture o f Microcysts. Conspicuous rupture of the attenuated myelin-sheath wall of microcysts was seen in specimens obtained 1 day after the cord transection (Fig. 8) . As a result of the rupture of the microcysts, the spaces within the microcysts became continuous with hitherto normal interstitial extracellular spaces. Thus, numerous terminal clubs b e c a m e denuded of myelin and suspended in a large extracellular space without any tissue support (Fig. 9) . Before the rupture of the microcysts, the 1 or 2 mm of tissue bordering on the cut ends of the cord consisted of two types of fibers: 1) a portion of axoplasm-free myelin cylinder nearest the cut end of cord, separated from the microcysts at the nodes of Ranvier; and 2) small C a v i t a t i o n a f t e r c o r d t r a n s e c t i o n FIG. 11. Light microscopic appearance of a thick section obtained 3 mm from the new edge of cord stump 1 day after cord transection, seen with a phase microscope. The cut end is to the right. A terminal club (Tc) is seen at the right side of the picture. The axoplasm, in continuity with the terminal club, is disrupted (arrows). Yoluidine blue, X 800. fibers of fairly intact electron microscopic appearance.
After rupture of the microcysts, a large extracellular space was formed and these two types of fibers were found floating in the extracellular space either individually or in groups (Fig. 9) . The axoplasm-free myelin cylinders nearest the cut end of cord, separated from the microcyst at the nodes of Ranvier, were pushed away by further advancement of the denuded terminal club. The small fibers, at the time of microcyst rupture, were still identifiable (Fig. 9) .
At 1 week after cord transection, the 1-to 2-ram cord tissue bordering on the cut ends of cords was clearly separated from the cords. Electron microscopy of the separated tissue showed further deterioration of terminal clubs and large extracellular spaces surrounding the clubs. The plasma membrane of the terminal clubs was disrupted and the organelles, once contained within the terminal clubs, were released to the extracellular space. The surrounding tissue was severely degenerated and the small fibers were no longer identifiable (Fig. 10) .
As the terminal club was formed and ruptured, the axon in continuity with the terminal club became disrupted again and a new end of the axon was formed at a further distance from the ends of the cord (Fig. 11) . The new end of axon then developed into another terminal club surrounded by another microcyst (Fig. 13) . Thus a wide spectrum of terminal clubs, axoplasm-free myelin cylinders, and microcysts at different stages of development could be found in a single section obtained at the new end of cord stump 1 week after the cord transection. The formation of terminal clubs and microcysts in transected spinal cords appeared, therefore, to be a chain reaction continuing for some time, and destruction of additional cord tissue occurred.
We were unable to determine exactly how long after cord transection the terminal clubs and microcysts continued to form. In a specimen obtained 1 year after the cord transection, many terminal clubs were seen completely surrounded by collapsed myelin cylinders in which no microcyst was formed. Oligodendrocytes were frequently present at the end of such terminal clubs (Fig. 12) . Figure 13 summarizes the results of present electron microscope observation of spinal cord cavitation following spinal cord transection.
FIG. 12.
A terminal club (Tc) in a specimen 3 mm from the new edge of cord 1 year after cord transection. The terminal club contains numerous mitochondria and a few dense bodies, and is surrounded by myelin sheaths. A cell with an osmiophilic nucleus and many ribosome granules in its cytoplasm is idel~tified as an oligodendrocyte (Od). The site of transection is to the right. • 16,000.
Discussion
The development of spinal cord edema after cord injury has been a challenging problem in neurosurgical practice. The widely published vasogenic theory of edema postulates damage to the blood vessels and subsequent extravasation of blood or plasma into the interstitial spaces of the spinal cord at the site of spinal cord injury?.* We have previously proposed a neurogenic theory of edema, v The edema fluid is seen, initially, at a distance from the site of spinal cord injury in numerous tiny microcysts, in association with axonal terminal clubs. Later the microcysts enlarge, coalesce, and form larger edema cavities visible to the naked eye. These electron microscope observations further confirm previous findings made by light microscopy 8 and enzyme histochemistry 7 in showing that microcysts are precursors of cavities seen in the injured spinal cords.
In light microscopic examination of slides stained with reduced silver, a microcyst appears as a small clear space around each terminal club? ,7,14 Although the presence of such structures in the injured spinal cord near the site of injury has long been known, the mechanism by which these terminal clubs and microcysts are formed is not understood.
Holmes, 5 in 1915, after his classic description of terminal clubs and microcysts, concluded that they are not associated with circulatory disturbances. In 1945, Scheinker and Evans 1~ suggested, to the contrary, that ischemia of the cord could be the cause of the terminal clubs and microcyst formation.
Our present observations indicate that transection of spinal cord axons is followed by outflow of axoplasm and formation of axoplasm-free myelin cylinders that then expand, associated with the formation of terminal clubs, to become microcysts. An ischemic origin of microcysts is not supported by the fact that microcysts occurred sporadically nor by the presence of intact small fibers in the immediate neighborhood of the microcysts. It is interesting that Fairholm and Turnbull 2 demonstrated the presence of terminal clubs and microcysts only in the area of intact microvasculature and concluded that in the injured spinal cord "vascular pathology lags behind the neural changes."
The splitting of myelin at the less dense lamellae to form the space within the axoplasm-free myelin cylinder is of considerable interest. The less dense lamellae correspond to the interperiod lines that represent the obliterated extracellular space. 1~ Although the spaces within the axoplasm-free myelin cylinder and the microcysts are thus extracellular, in many ways they are not the ordinary interstitial extracellular spaces.
Most authors who studied the location of the extravasated Evans blue albumin in the white matter agree that the dye stains extracellular spaces. 4,1~ If, then, the spaces within the axoplasm-free myelin cylinders or microcysts are extracellular, it should also be stained. A photomicrograph published by Griffiths and Miller 4 shows, however, that this is not the case. In their picture (Fig. 5 of  their report) , the interstitial extracellular space, astrocytes, and terminal clubs are all stained, while the space within the microcyst but outside the terminal club is spared. -l) is then located at a distance of 1 to 2 mm from the cut end of the fiber, with the empty myelin cylinder (B-3) extending to the cut end of the fiber. In the involved fibers, barriers at the paranodal region (B-2) are formed and block the passage of axoplasm. Later, because the axoplasmic flow continues, organelles begin to collect at the end of the axon to form a terminal club (C-1) and fluid accumulates within the myelin cylinder to form a microcyst (C-2). When the adjacent paranode is obstructed by a barrier (C-2), the pressure of the transudated fluid within the microcyst causes the microcyst to dilate and eventually rupture (D-2). As the terminal club also ruptures (D-2), organelles once contained within the terminal club are released to the extracellular space. Autolysis of the spinal cord tissue bordering at the original cut end of spinal cord (D-3) follows. The autolytic process is attributed to the release and activation of lysosomal enzymes once collected within the terminal club (C-l). As the terminal club ruptures (D-2), the axon in continuity with the terminal club becomes disrupted again (D-l) and a new end of axon (D) is formed at a farther distance from the cut end of the spinal cord. At a much later stage, the terminal club becomes quiescent and is then surrounded by myelin sheaths (E-l).
Are the spaces within the axoplasm-free myelin cylinders and microcysts merely fixation artifacts so that no Evans blue staining takes place? Previous reports 1,4,~,7,8,12,14 do not suggest that these spaces are artifacts. Furthermore, the spherical expansion of microcysts, the rupture of microcysts, and the attenuation of myelin sheaths before rupture all suggest that it is not only a true space but also a space filled with fluid under pressure.
How then, can Evans blue travel from blood vessels to the terminal clubs without even a trace of dye contaminating this fluid space within the axoplasm-free myelin cylinders and the microcysts? This seemingly contradictory observation can be explained by a hypothesis that the spaces within the axoplasm-free myelin cylinders and the microcysts, although extracellular, are not communicating, at least before their rupture, with the true interstitial extracellular space and that the microcyst contains a nonproteinaceous fluid. Terminal club staining by Evans blue can be explained, as pointed out by Vise, et al.? 7 that Evans blue is transported to the axon via astrocytes, not by interstitial extracellular space, and is then transported to the terminal clubs.
It seems that the fluid within the myelin cylinders is drawn from the axoplasmic fragments within the myelin cylinder, thus causing condensation of the axoplasmic fragments. Since the quantity of axoplasmic fragments is limited, the fluid available is limited and the degree of expansion in the axoplasm-free myelin cylinders is also limited.
On the contrary, the fluid within the microcysts is likely a transudate from the terminal clubs, and the amount of fluid within the microcysts probably depends upon the extent of axoplasmic flow of the axon. The transudation is probably an active process and eventually ruptures the microcysts. In 1964, Friede 3 studied accumulation of axoplasmic organelles in the transected fibers and proposed that a local injury current occurs after injury and is directed toward the site of injury, causing redistribution of axoplasm in injured fibers similar to an electrophoretic movement. Transudation of liquid axoplasm from the terminal club in association with Friede's axoplasmic flow 3 explains the increased density of organelles within the terminal clubs ~ and accumulation of fluid within the microcysts.
The initial outflow of axoplasm from the cut ends of axons differs in many ways from the axoplasmic flow of Friede? The former involves mobilization of axoplasm of normal composition, occurs almost instantaneously, and ceases a few hours after the axonal transection; whereas in the latter, the involved axoplasm contains excessive axoplasmic organelles, begins about 3 hours after injury, and continues for some time.
Although it is likely that the interaction between the axoplasmic flow of Friede ~ and barriers to the axoplasmic flow causes terminal clubs and microcysts to develop, it is the loss of axoplasm from the initial cut end of the axon that shortens the axon and thus determines the point at which the microcyst and terminal clubs are to develop. Greater loss of axoplasm sets the end of the axon farther back from the initial cut end and causes greater cord destruction as terminal clubs and microcysts are formed and ruptured.
The paranodal axoplasmic plug plays a double role. Initially, as axoplasm flows from the cut end of fibers, the paranodal axoplasmic plug serves as a barrier to block further loss of axoplasm. Later, when the axoplasmic flow of Friede 3 arrives and organelles begin to accumulate at the end of the axon, and liquid axoplasm transudates from it, both the transuded fluid and the advancing axoplasmic front are also blocked. Although the results are rupture of the microcysts and removal of the blockage, it is done with such a violent force that further fragmentation and shortening of the axon is induced and the newer end of axon is set back farther from the initial cut end of the cord (Fig. 11) .
Should there be no such barrier, the transuded fluid would probably flow from the cut end of fiber without forming a microcyst and the axon would also advance within the myelin cylinder to reach the cut end of cord without forming a terminal club. 8 Thus, the formation of terminal clubs and microcysts expresses not only an inherent character of cord tissue to injury but also the frustrated attempt in regeneration of spinal cord axons.
Deterioration of the 1-or 2-mm cord tissue bordering on the cut end appears to be caused initially by the mechanical shearing at the time of rupture of the microcysts. The fluid contained under pressure within the microcysts is released into what has until now been relatively normal interstitial extracellular spaces, and causes cord destruction (Fig. 8) . At a later stage, a biochemical process takes place that further destroys the tissue, which can no longer be considered vital (Fig. 10) . Inflammatory or exudative changes cannot be demonstrated. The activated lysosomal enzymes are thought to be the cause of this biochemical autolytic process. ~ Subpiai microsurgical cord transection ~ provides a sharply limited end point of trauma to the cord. In this experimental model, microcysts are conspicuously present at 1 or 2 mm from the cut end of cord and tissue sampling for electron microscopy is relatively easy. In contused cords, examination by electron microscope of the microcyst can be difficult. Nevertheless, the report by Dohrmann, et aL, 1 regarding the breakage of myelin sheaths, presence of denuded axons, and dilated myelin cylinders with no apparent axon at 4 hours after cord contusion, suggests a similar mechanism of cord cavitation also present in the contused cords at a distance from the site of contusion.
Friede's axoplasmic injury flow ~ probably declines sometime after injury so that microcysts eventually cease to develop. The end of the axon is then confined within the collapsed myelin cylinder. This finding is of utmost importance. It suggests that this mechanism of spinal cord edema and cavitation (lysosomal spinal cord autotomy 7) is a self-limiting process and that once the spinal cord has completed the autotomy, the process may not occur again unless the cord is repeatedly traumatized. It also suggests that failure in regeneration of most of the large and medium-sized fibers in transected spinal cords is due to the fact that the fibers are arrested within the spinal cord stumps.
Summary
After cord transection, conspicuous myelin microcysts are formed in a background of otherwise intact cord tissue at a distance of 1 to 2 mm from the cut end of the cord, both proximal and distal to the transection. Electron microscopically, the microcyst is a myelin sac distended by fluid under pressure, containing a swollen axon filled with excessive axoplasmic organelles; that is, a terminal club. Later the microcysts and terminal clubs rupture. The large spaces within the microcysts are opened to heretofore small extracellular spaces and the spinal cord tissues are destroyed. Thus microcysts are precursors of large cavities seen at the end of stumps of transected cords.
The mechanism of microcyst formation is reported. It appears that when the cord is transected, outflow of axoplasm from the cut ends of some fibers occurs thereby shortening the axon. The end of the axon is then located at a distance of 1 to 2 mm from the cut end of the fiber with the empty myelin cylinder extending to the cut end of the fiber. In the involved fibers, barriers at the paranodal region are formed and block the passage of axoplasm. Later, because the axoplasmic flow continues, organelles begin to collect at the end of the axon to form a terminal club and fluid accumulates within the myelin cylinder. When the adjacent paranode is obstructed by a barrier, the pressure of the transudated fluid within the myelin cylinder causes the myelin cylinder to dilate and form a microcyst.
The formation of microcysts and their subsequent rupture, which leads to cord cavitation, is interpreted as expressing an inherent response of cord tissue to injury, and the result of an abortive attempt at cord regeneration.
